
.

L&uR-8fl-2921

co Qc’-k@’’l/l- “4?
TITLE: A COMI’ACT-TOROID FUSION REACTOR BASED ON TIIH FIELD-REVERSED

THETA-PINCH REACTOR SCALINC AND OPTIMIZATION FOR CTOR

AUTHOR(S): R. I.. Hagenmrt and II. A. Krakowski

MAH’EII 1 IMCLAM[n _ ———— .— . . .
. ,, ,, , .,, ,

1
.,,,.,,, .........,,.,,,,...,,...,,.,,.,

... ,, ,, ..., .,.
.,, ,,, ,,, ,,, ., ,

..,. ... ,,,, ,,, ,. .,
,,, ,, ,, ’”. .... ..... .,,, ,,, ,,

.,, .!.. ,,,, ,
.,, ,,, , ,,, 1,

,.,,, ...,,,.,,, ,,, 1-.,., ,,,”,.,,’ “,’,
—— I----- ------ -. ..___---- .--

By ~aptura of thm mlclm tfw publlshw mognlm UWI th@

U,S, Oowrnnunt rtltirw mnonsncludw, tovalwfmu timnht

to publith or rsprodum tha publldWd form Of lhis cant~lhu.
Oon, or to allow othsm lo do IO, for U.S. Oowr-nt PO
WO.

Ttm La AlmrIM Sclantiffc L8barmorv maumti Ihst the pub.

Ihhsr Mnli fv this Mclm m tmxk Parforrnod unrrar IM wI.
~cw of W LM, 09pwwrmnt of EfmrW,

Ls!!iiik
nit+I IIIHIJIIIIM Ill 1111,LA;,, ,,., .

LOSALAMOS SCIENTIFIC LABORATORY
Pod Office BOX 1663 LOSAlamos, New Mexico 87545
An AftlmIntlve Action/Equsl Opporhmlty Empkvw

Form No, 830 R3
St. Nm 3030
. .4-

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov



.

A COMPACT-TOROID FUSION REACTOR BASED ON THE FIELD-REVERSE!) THETA PINCll:
,, ——— —.-—.—— . . . —

,,
( .,

“ RF,A(:TOR SCALING AND OPTIMIZATION FOR CTOR*
——. —...— .— — —-. .-..-—- ____ .__—_

L
:1<.,,-

● ☛

R. L. Hagenson and R. A. Krakowski

Los Alamos Scientific Laboratory

Los Alamos, NM 87545
,

l,)

~l;—”-— ‘— –—-’
AJ>LKALL

Early nco~ng studies’ bas=a=r—w=imii=,—-”
..4

Innalycic models

Confi@Tatfoiiii_-(FRC) j=h=reas systems contafti~ng
—----- ..—

have been e~tended on the basis

~of a dynamic plasma model and an overnll ayatema ~
f-
igPPrOacl~ to examine a Compact Toroid (CT) reactor

‘embodiment that uses a Field-Reversed Thetfi Pinch

ii a plasma source. ‘lhe fieid-reversed plasmold

,“&&ld bs formed and conpres9ionully heated to

‘ignition prior to InjectIon into and translation

?,hrough a Ilncar burn chamber, thereby removing

l~he high-rechnoLo~ plccsmold source from the

hostile reactor ●nvironment. St~bilization of

lhe field-reverseri plasmold wotlld be provided by

~;Pas9ivo conduction shall located outqidc the

high-temperature blanket but within the low-field

,~hpcrcondl!ctins magnc~s nnd associated radiation

dhlel~lng. On the basis of this batch-burn but

‘thermall; steady-state appronch a renctor concept

,emcrgcs with n length below - 40 m that generates

300-400 MHe of net electrical power with 4

reclrculnting power frtiction leas thnn 0.15.
: j ,,,
(..
,; I.
!.

Introducer IoN—-—— .—
A bmnort Torold (CT) i9 a PlUE7Nl

confi~;urlltlon in which nn rrugnctlc “C0119 or

ntrucLur:\l Wulls extt!nd thruuull t!le toruti.

AI CIIO(IHII cuIIccp LuII~ly not n ncw idc,il, inture:lc

,ln this con flglir, btlon Wa 9 rc-klndlcd with thr

propu~nl of the sphcrixmlk ri!,lctor.z’] The levt!l

of lnt(,r~,~t In CT reuccor~ LM r~fluctod hy a

iumljrohunM I vn, lntrrnnt lonnl work Nl\op3 on thnt

coplc nnd th{! lar~v numhur of conrrptuuL rcnctora

thllt hnvu hrcn prnposcd rind/or de~lgni,d nrnund

l..
I.

toroidal fi~ lds are termed spheromaks. An FRC or

sphcromak pla.moid in a rencror embodiment may

translate5’6’g’lo through or be held station-
av21314171E in a linear burn chamber. ~e9e

9-10 CT reaCtOr prop09a19 have one common

feature; although a computational understanding

of equilibrium/stability requiremcnta is rapidly

developing, litLle is knuwn quantitatively for ,

U8C in reactor prognoaea, and even le.aa iE knwn

about part LcLe/ener~ transport. G2.nsequencly, \

reactor equilibriLun/staLllity constrninc8 are

assumed to be provided by either a passively ~

conducting aholl, “an activa feedback ayStQm, or

fintte-Larmor-radLu.c effect?; or thla issue in

ignorud. Traniport’loeies” ah generally ossumed

to ncale according to tokamak experimental

re.3ult9 (- 100-i?f)O “Bol]m’ timcg~’nor Alcator

ecalin~), Cmpcnding on [hc dcgrue of a.qaurnpcion

applied to the equllibrlun /cit Mbillty constraint,

a given CT reuctor may be , stationary or

tr.lnslatlng, and A mchns to produce and sustnln u

ncat[onnry, sce(:dy-stntc plamnold My or miiy not

be spcclflcd. This appnwnt degree of

arhltrarincss, which legitimately charucterlzea a

nt!w nnd ropldly dt,vuloplng concept, mnkus the

drmwing uf tipcclflc compur~Llvc conclufl~nns risky

at thl!l tlmu beCorc u ❑ot, corn, rehullslva

oxpcrimcu L:ll or throrcttcul plctllrc hns been

duvvlop~d.

‘ill ,, npprunch taken by tllu l,ASL CT renccor

ntudy utlllze H (IH much a~ po~MlbIc that which in
rnthrr thun thnt which night btr. Specificlllly, n

FMoP lU Molrctrd to form n FRC (l. c., no tnruld.11

fluld); OdlUbiILIC c(nnpru~~iou of tho - l-keV FllC

to i,q!litlun lR invoku(l; th~ hented nnd lgnltod

F’llc would ho nti~hl lized hy u pnw~iva shell thut

nnuurcs tliu rutluirl!d rutio uf rtepnr:ltrix-to-

contlllrtq)r rodluu. 1},0 CToli d@Hlgll rdporlod

hur,!(II Iq bnccli burn ~nd r(![lc(!ts an Iml(mh ILO in

pos~lhl,! tlllrl “cll!mlgn-to-ntnte-of-nrt”

pill ll)?ll)phy . ml t! M Jor Hnntlmptiultn mndu In

nrrlvinfl nt thin CTOM dnsluII urul ouulllbrlum

,. I



‘obtained from ’tok~tnak expcrlmcnts (i.e., A.lcator

or 200 Bohm); nearly c0n9Lant particle

inventories are assmned during the burn period

(i. e., few seconds), irrqzlying that the parclcle

confinement tlmcs, T , much
P

longer than energy

confinement times,
‘E, ‘r considerable inge~tion

of neutral density if t =
‘E” Lastly, active

feedback of either g~oas or local !IHD is not

invoked by the CTOR design reporcrd hcrei!l;

activ? feedback systems placed within the reaccor

environment te considered unactractlvc compared

to stabilization by a passive, exo-blanket shell,

and present understanding of CT equilihriun/-

atability is not sufficiently r!cvclopcd at this

time to permit a quar.tit~tivc analyais of the

physics/ttichnolo~- requirements–of an in-blanket

active feedback ayscem. ‘-——-—-——––—-– ‘–

,...
,, 11. SUNMARY

;..
Within the constraints imposed by tllesc

physical assumptions the CTOR aa presently

~-env19,3gl I would use a Field-Reversed Tllcca ?incb

:(FPJP) to produce external to the reaccor an FRC

T plasmoid that is subscquencly heated and

,.translated through a linear Jrn chamber. The

, high-voltage pl, asnoid uource and compressior~l

heater are removed from the burn ch~lmbcr to a

less hostile environment. ‘n-lC stabilizing

conducting shell would be poatt loned bctwccn Lh~

‘blanket and shield. lYun91ation of che Ignited

plasmoid, shwu schcmatlc+rlly on Fig. 1, allows

portions of tllc conducting shell that have not

experienced flux diffusion to be continu.,lly

“exposed”. A nci]rly (thermal) ete~ldy-st,lte

opcrttion of tllc first wall and bl,~nkut is

pofisible for appropriate plosmoid spcrds and

inJc!ctlOn rates. bcltting tllr! st~blLlzinU

conducting shell Outgl(tc the blnnkct permits

SUPERCONDUCTING COILS-7
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roowtempcr<lcurc operation and rainimiz:s the

tr~nslatlon(]l pwc r, Wlllcll appears ae joule

losses in the exo-bl~nkec shell; these ltissce can

be eupplied directly by alplm-particle heatlrg

through ❑odcat radial expansion of the plasmoid

inairie a slightly flared conducting shell,

blanLeL and first uall. Translational runaway is

prevented by the presence of a thin (- l-m)

fir9L-wall “shell” that ia highly permeable to

magnetic flux pecctra~ion but which neverthelcaa

stab Llices the linc~r ❑ot ion. Superconduct lng

coils are located outside the blanket, conducting

.shhll and shield to provide a contlnl~oua bias

held chat !s compressed between the cond~lctlng

shell and the pIasrnold; MIID rscabiltty would

““thereby be provldcd throughout chc ‘burn vithout

-invoking nctitve feedback et Hbilization, --—lhe

ignlccd plasrnoid of length 1 enters the burn

chmmbcr with an initial vclocicy tiqual to 2-5

times I/[g, where the e]eCCriCAl skin time of the

stabilizing shell, T , deacrlbes

r

tllc dccfly of

magnetic [lUX within tle annul.nr area between the

first wall and che plaem.i aeparucrix. ‘t%e

plasmoid veloclt:, 1s allbaequcntly reduced hy

tailoring che flare of CIIC qhcll to msir(taln a

conltanc fir9t-wall neutron loading alocg the

full length of the burn cllnmber. Plaemoid motion

pLUcCCdS urrtll tile velocity falle below l/T~, at

which ?o:nt the rc.lctor length is defined. l%e

plasmoid motion terminates in on cnd region where

expansion directly convcrte Intcrnirl pld!m

energy tu clectric~ll energy. Enurgy conf incrwnt

time sc:lllng~ cur vupolidlng to classlcal, wlcntor
5.

(lF = 3(1(1’1-L1ilrp ) Jnd Zoo Buhrn tim~~ (lE =’
‘3.i’rpU/T,,) WIJI.J par,lmeLrlcHlly Invesciglll.ud.

Both Alrrltor and 200 IJohm confintimcnt ecullng9

rctiult in plnsma urrd ovcrdll reactor per furmallcc

thot le rel.ltivcly ln~cne[tive to reuc Lor lensth;

C!ICUC bllrns art, thrrrnally stable and cvcntunlly

quvncl) bec.luse of thermal IOM!3 nfter a n

acccljt;[l>lc fuel hurnup uncl yield. k the energy

con fink, mcnt tllne 1s par:lmctrlcjllly ruduced, the

incrc(tsrcl plc15n1n 106SC9 cun b,] supplied by

Nllfll]t ly 111,.rt,nslnfl tllc pl:lsmll poucr dcfm[ty.

Tl)ls Cupill)lllty r(,#tll ts in o re.lctor that la

rem,lrk)l)ly iuvlrl!)nt to tllc aHHlnncd plitsmo

t r,ldlspg>rt an tllv pl~lsrnoid dcntiity tind lnJi?CLi Oll

rat,! nrv ,Id,filtit.lhli, tn givv n dexircd, axl,llly-

unlfnrm wnl 1 loodlnx ,TnJ tot,ll puw[!r, I
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“A.
——

“Plasma’ Simul,lc ton and Energy -Bal~rrce Models

U though all— results presented herein are

ba9ed nn dyntintc zero-dimensional plasma

9imulatt0ns, the general tradeoffs we re

quantified by an analytic modello that was subse-

quently verfied by the nmerical model.12 ~e

primary utility of the analytic mode 1 1s the

ability to predict plasma and system condlttcns

where the total power output would be minimized;

the analytic model could then be used to

“constrain nunerical plasma .sinulations co the
❑ ini~m-po~er condition. TtIis fninirrmm –power

occurs for a specific value of FRC separatrix

,“radius,
rs ‘

and is unique to the exe-blanket

conduct-ing shell” imposid—oti” all CTOk designs.

‘Speclflcally, the pcwer”output decreases as rg 19

,;reduced as a consequence of the decreasing plasma

:cross-secttonal area. Aa rs decreases below --

0.8 m, however, the eftcctive skin time required

.Of the conductf.ng shell, Yg, dramatically

“decreases, causing the plasmold velocity, - t/T~,

,:to increase; in order to meet a specific burn

time, Q-value cr Lawson constralrrt, the reactor

‘Clength end total power output correspo~dly

increases. The use of this analytic minimum -

“power constraint in conjunction with dynamic

plasma aimular :onh greatly facilitate the

determination of the CTOR operating point. As

‘ehown in Ref, 12, this minimum-pouer constraint

takes the form (Ab + d/2)/rc = 0.6(1-rslrc).

This rulationshlp is used to select oprlmal

design points from the Iar[:e number of cases chat

emerge from the numerical trndco[f stud lt,.s.

‘ItIc plasm~ simulation code used to model the

CTOR is based on a three-particle, time-dcpendenL

“point-pl~~na” morfcl thsst incorporates analytical

equlllbrlum eWreHs10n,~’lo112, Ij allowing

three-dirncnslonal Spntial ,.ari:l[ i,>ns to be

followed In time. Start ln,q Wittl the

post-tmplnsinn (FRoP) phnslc, the plnsma

trrI]LCztOCy i3 followed tliruugh tllc tapered

compression chombcr into tile burn sect inn wllt,re

col]duct lrll; shell 10rJscs (Crnnslationdl ,lr:l~) urr

~uppllcrl by rndlrl plasm~ c~ponslon tllist In turn

is driven by alplia-pmrtlcle I]outlng. &fcrring

to f’l~;, 1 the required radius of tllc Condllctlllg

@htll, rc, which 1s pO~i LLOllCd outsldc d Ab =

0. 5-m th[ck bL,lnkvt, .911tf the pl.J, mold lcn~thj 1,

arc Jrflnt,d by cxpurlmcnt. il results (X8 - ru/rc J

0.5 und t/r. ~ 3.5).

‘1

In nddition [0 tllc pl,lsm.t

burl) dy!l<lm CH, all ove ru 11 energy b.)l,lncc 1s

performcrl I1OIIE witll u spflLlsl Clllclllslt loll o f

t Ilurmll 1 ,nnd ntructurnll retipunv(. of tltc first

Woli.

Fi);llri! 2 d(, picts the CT(IR ent~rgy 11(11.lIICP

u .31.,1 to pruvldc n mcol,qurc of pl,l,}l pt. rform;ln,<..

A r,lp,lritur 1). nnk cncrpy, W
~ANKI

1s tralls[urrt,cl

into :IIC I’IIJ?I’ llu,ltln~~ rhnmwr wltll mI vlcctrlc~il

rjfflrlvllcy 0[ 0.1, all Iollnes orcurll)ti in

an L,, rllall clrclllt~ (l. c., no!]-rt,c!lver,lhl,,). ‘fhc

rcm<llnln< cucr~ forrw and hi..its the ~u[: Lu nrl

Inltlll HLJlr Lill~\ tvmpvrctittl,.o (- I Auk’) find

provld,, q Ihu hi,i,l fIIIld Lh{ir. tLOIIpl PM to thal i II

t Ii!, h~hrll cll{lmbm,r. 1110 !JKC IN tllrl) t,mprr*qi,d to

l~lllt [4111 llqlll~ I 11,. nl)a, rxy from ,3 Im.l,ll,llll <,111

!Wr~ .11 6MJ/m2

Pt .l,040/r L

Fig. 2. kher~ bal~nce for the compact toroid’

reaccor (CTOR). 1

enerw store,
w OHPI

&l

having a crarrsfer efficiency

11~~~ ~ 0.8. ce again, reversible energy

transfer 1s not assmed. Upon entering the burn

chamber, translational power required to overcome

resistive losses in the conducting shell would be

provided directly by alpha-parclcle energy via

plasma expansion. A t:.a burn proceeds, p 1 .1=

thermal output includes netltron, . r~diat ion,

MRAD’ cj:~::tion, WiOND, and irrt~n.,1 #l J!lrl J

enL, rgy lhc p .Ism( d motion is ter, ninated

in a que~ch region where plasma expaoslon

converts a portion (- 30-40Z) of magnetic field

nnd intcrrrul plJsma ener~ directly to elec~rical

energy,

‘Exr ‘h’s ‘m”l’ am””:: i:direct-con.,?r~ on enerb? contributes

rechnrgc of Lhe mech;lnlca L ellcrhy e.tore. I%e

rem~lnlng pl.lsmold enerky iY rxtrartcd thernkllly

and contrlhl] es to C’IU tut~ll therm.11 encrti~, WTH,

whlcll in turn 1s convert(,d to clcctriclty with (In

Cfr!clcllcy qT:, - 0.35 to product n gros~ electric

energy, WE.. &lxill~lry requlrrmdnts, W,l, (pumps,

cryogvllics, plilllt opcr,ltiull, Ctc,), given as a

fraction fA - 0.07 of w Cunqlldtl.s
fraction ““

the eflcrhy

bnl.lnce. A L nf KIIU Lut.!l cluctric.11

ent, rgj WFT mu!;c h.! roclrc{ll,llcd ,IS ru!kc~jp cncr<y

UC- ‘CHE,: , Lllc nc L el(,ctrir encr~ 1s thcll

WE - (1-[) ‘T, IInd Lhc ovur.111 pliInt efflcl,ncy

is Ilp = (Jlrl.:.l[. h u“glnul,rlng Q-val\,i,, Q., is

kdu[lnc,l bel,w .SHd ~crvus u~ n prim,lry o Juct

fuuc Lion [or LIIc nytitum op:llniztltlun

Q}:= uzT/wc - I/c

I



‘-~ Par.~meter ‘ &Kudies “’u9inR ClIt! pl.lsma

aimul.!t ion code were performed for a range of

plasmo[d radii, reactor lengtlis, plasma dens lcies

●nd con fi,lement time 8caling9. A plasmold 1s

produced by the FRoP at 1.6 keV and 1S subse-

quently compressed co 8 keV in 0.1 s, requiring a

radial conpresslon factor of - 2.9 and an axial

reduction of - 1.9. The ignlccd plasmold enters

the burn chamber with an Inlt [al plasmold

velocity equal co 2-5 timtis c/Ts. The Velocicy

or she plasmoid is reduced during the translation

“by tailoring the flare of the fmrn chamber in

“order to wincain a constant first-wall neutron

current along the burn chnmber. l?re plasnoid

velocity varies approximately as v a Pa/rw, where

Pa(w) is tile iristantaneous alpha-particle pwer.

:As - noted “previously,-–motion” proceeds---until

.V/(1/T~) ~ 1 ac which time the translation is

~terminated and plasma expansion/quench occurs.
,.

B. ParJmetrlc Studies Lending to Des[grr-Point

Determination

1. Sample Operating Point.,- Results from a

typical tiurn trajectory are shown in Fig. 3 for

an energy confinement equal to 200 Bohm t~.rree.

This energy logs rate i9 extrapolated from

tokamnk experiments,12 The plasmoi< 1s asgumed to

lose no parclcles during lts I-2 s trajectory

down the linear burn chamber, In effec:, if tllc

particle confinement time la on the order cf ?E,

complete particle recycle with a cold g,~s blanket

1s agswned. ‘the sample resulLs depicted on

Fig. 3 arc close to [hc optimtll design po[nt

described In Sec. IV. A th~,rm.]lly-st~blu burn

‘results at a neJrly OptlmJl temperature of

Ti . 1[1-14 keV, achlcvirrg a fuel b,)rnup of

f~ - L1.17 in ~R - 1,96 s for this sdmple case.

me burn 1s termlnatc~ us fuel dcplctlon,

alpll.1-particle bui ld,lp r,nd plnsmo:i cxpnns ton

result in 105!3CS [hilt ulcim;ltely ovc rcome

nl~ha-part icle laciltin~. nl c tnp[,r required of

the conducl ln~ SIIC1l tO Overcumn Lrans].lt LOnrll

drng (JouIP) lorIscs In the st,lb[llzlng EII’,.,L1 la

s Ilwll In }ig. 3C for bucl, an ,Ictu,,l scn:, nodul

n nd u n extl~ficrltcd Sctlle, thd latt[. r 5(,ttcr

ill,lstr~lln~ r:lcll,ll vnrl:lL[ons. nl{l f[rl JJII

r~rl[tl,; illcrc,lst.q from 1.20 m co 1.64 m clv, r ,3

tOt,ll rcn{.t(]r (burn section) lcll Utl: of 40 m [r u

colllllictlll~ Slll,ll tlllcknL,ss of 6 - 0.05 m.

Spuclfylng CIlc flr.iL-WJl] nt,utrull ln~ldlftg Lo ht,

uniform ova-r [he rtllctor Ienptl) rc(lulrt,3 tllv

plt:moid Vel.lct[y to ducrcwo from 38 mls co

10 m/s .lt [he outl,:t (FIR. 31f) wllcrc the ratio

rv, 01 ncLu411 velucity tu ml Illrmlm ,41 lowr!ll

Vl:l!Xlty (!/TN) i.1 nlsu plottl:d. Tll 1, rc,h<tf)r

len~th Lr~lv!!rsud, .ltI Jcfln(,d hy LIItI tr,ll II1lH ,dl;u

of tllc L.~c i :4 Also glvf,ll In FIH. 7tL. A

c“r~,,ltl%(lll irtwccn t)ll, ntnnvricdtl !lr>lul 11111 Und

r~~lulLH frum 1411 nulal lyt ic modr I for LIIII .::lqu

d,,l,irtud in Fi)!. 3 i~ ft,u,ld In R.-f. 12.

11,,, rny~llty glvcrl in FI,J. 3 ,1 r,. rlo%tl [u [111.

.-!nill d!,qlnll polnc de~{:rlhl,d II SC(, Iv, IIIi’1
d’!l,~ll l,o i [IL wn 9 CIIU!I1, I1 (J1l tllv h,inls of ,11)

cxr,,,!:llv,~ trl,l,, off study uLlllr, iIIM tlI!I (:’1’I)l\ m~j(lrl

~lvq,rlh,d In S,*C. ll[. A. Illt, mt)rc, ~:l{,h.11 rcs,lltq

U! II IC9C tr;ld~,o[f utlldy art, [lUU d,~srrll),~d.

2.” PJr.lmetrlc Trade of f’St,ldles~ ”-A parJmet:7—— —
ric eval(l;ltton of design poll s for rU - 2-5 is

shown on Fig,. 4 in term Ot ve;sus burnQF —
aeccion Icngth and various plasma densities. The

thermally stnhle pl.lr.ma burn (I.e., Fig. 3A)

dictates the over.111 reactor length, 9ince leases

quench the burn, ,lnd translational pwer (i.e.,

alpha-particle power) 1s drJlned from the plasna

to supply tllcsc’transpOrt losdcs. For a given

plaama density the burn characteristics and QE

are relatively insensitive to variations in L. A
decreaae In QF does occur for ahor[ reactor
lengths (L ~ 10”m for rvo - 2) because of reduced

burn t imes and a prenlturely terminated burn

cycle; for long rezctoro length (L a 80 n for

rvo -S--at

7“

2(10)-1) increaaed plasmoid-

expansion Jnd .? we r total--yield leads- LO ‘S”

decre~se in QE. ne sample design point given In

Fig. 3 occurs nenr the maxinmln t)E Value. I

Also show-n in Fig. 4 are dotted curves of

lL+[eV neut ron do e
!

per square uecer -f

first-wnll, IwT1(YJ/m ), where I/T I ia the FRC

injection rate. A burn aluulation follows the

tr.ajcctnry of a single plasmoid and calcul~tts

the (conscant) first-wall ener~ dena~cy along

witll all other energy quantic lea necess~ry [0

define an over~ll encrb~ b,llJnce; the first-kall

lending or reactor power need not be defined

until chosen.

fLrst-w~~l~~ucron loadl%e~~rr;~~)e~~~o~R~~~~

must dccretlse as t IIU length, L, increases; a

larger nmnh,ir of FtLC’9 nre needrd to supply the

pcr~er in ;I l,lrgcr dcvicc.

As sh~n in Ref. 12, a corq-’a’rt son of clle

numeri<ml reslllcs with the nnalytlc soltlt [on

requi ,s H judlL.lcIIIs choi.:e of rvO - 3.0 to giVC

an C(luivfllu, - rti.tctor Ien&ch. Lsing [his

parameLel, a spec Lrum of design poinrs has beun

gencrnted fo[ QF versus first-wall r~dllly (nt the

inlcL of the burn scctiun). These dcsi:n point$

a rfi ah[wn in Fig. 5 for a rarrgc or plasm

dells llies. Along e~cll iqo-dcnslcy curve a

m.nxlmr)m rc. dctor Ieny, tll 1s aclllcvcd uherc ttle

plasm.1 burn optim.llly provldcs cr.ll]sl.lt ion poucr.

The snmulu dcsl~n point illllqtr~lLcd in Fig. 3 is
a 1s0 shown in Fig. 5 :U Ile .I lung the optimum

(nwxlmm lellgtl,s) which ge!tur~lly corrvspondq co

n nc. irly opt fon.11 (thcrnllly attihlc) burti wltll

Ti - IO-15 kuV, flu 1 Ow tills puinr, •xr~,tslvc

105SCS Ic:ld to II low yiulLl plnsrnil burn with

corruupontllngly 1 ow Vrrlucs “f Qh. ~ the

firHt-unll radiuu is inr. ru.l Hed beyond thnr

required !or trhlxlmam l*7ng Lh a thcrmmlly unstable

burtl drlvus Qxcu!iHivr pl:l%nl lullgtll Vx[)l:llsiun;

Incru:lsrd Lr:lnWl,lLion.11 drd~ find corrcspondingl:J

sllortt.r ay~tcmq rc~ult. A flr!it ul>sorv~bt 10,1

indlriltc~ th.lt this rufllnn is nttr,lc Llvr, With

shorLer rcvlctor lrngtll achluvlhlr SL sumeuh,lt

lIil~t’Cr QK ‘O1’’::.:,,n ~x:;::[~,, ‘t’”~~ hlfil’”r QE
Vnlul,+ rrti,~l L ll!l)}~th I.xp.in’+l!lll

produr[n~; ma)rc, d[rec L-cr, !lvvr~l,lll c.fi,~r~ in tlli,

hilrll rll,lml]a,r ,IIIJ I1o”. (rum lli,~ll~.r plcI.4m, I yiPl,l II.

TII(, plly!ilrw iml,llf.{ltlon~ C>L rullulrln}: IP?rgv

pl,l;,m(>ld ]onxLll oxponsl,l):, (2-4 tim,,~ stnrtl,l~

vml~(f,,i) for Iii):ll q}: ,Ir<, nor rti;jt)l v:Il)l,.. At Lllv

pr{.~(,nt l(,V1,I () [ ullderst,tllding Lllc
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radius in order co co~ensate For the- ~ddit~ondl

●nergy losses. The case where transpnrt losses

are described by class lcal theory results in

thermsl runway and red,lced yie

m. ~cator Scallng (1E - 3(10) H’nal;; ~fic; ;::

the same functional dependence aa m Iln ccallng

for a high-beta plasma confined at a constant

ma Enetic field, yielded essentially the same

result as 200 Bohm.

Using the minirmrn-power relationships,

derived from the an~lytic CTOR scaling,12 the

“dependence of the relative thcrual pcuer and

,requlred FROP energy, E , is shoun in Fig. 8 as a

7function of che Bohm ml riplier. ‘the value of rw

is taken from Fig. .7.for QE .=. .7__in._.order LO

generate Fig. E_ for this_minimm .therml power

coxcftt ion. The requir~d value of PTH and ES are

normalized to 1 for the 200 Bohm design point.

As shown in Ref. 12, increasing 6/Ah from 0.10 to

0.25 decreases PTH by - 2, and lowering rv from

,3 co 2 will further reduce the power ?i.e.,

.leng Kll) by another factor of 2 from the 1OOO-:IUK

value adopted as the design value. These

reductions nuid lower Lhe desi~n-point length co

only IO-M, which may noc represent an economic

power level.

Iv, CTOR DESIGN POiNT

A. Plasma ,nnd Sy9cen P.lrJmeters. The.— sample de-—-—---
aigl! pOln L dlscusscd lm Sec. 111. B.l corresponds

to a 200 Bohm en~r.~ cOnfIncmcnt time. lhe

phy~lcs parameters for this design are listed in

I
8/Lb,Ol
Ab.O*m

. -—. - -—r

Tabl~ ~i
__... m

and che energy yields per FRC burn a re

given in Table 11 along wLth the system energy

f lows required to eU31uate the engineering

Q-value. IIE. The system pwer 1s sprcified by

choosing the lnjectlon time, TT. Taking ?I - 5.8

;Ui:y give
a 14.1-!leV neurru,, h:ll loading of 2

, a thermal output of 1050 MUr results with

a net electric pmer of 310 Nwe for Q - 6.8 and

-n”~- - 0.35. FListeu in Table III are tw phy91cal

parameters of the FRoP, compressor seccion and

burn .9ecti0n as well as key engineering

parameters.
I—

B. “Preltmlnary Pl~nL Layout. Al though :he pa-

.~meters given in Tables 1:111 are sufflcisntly

extensive co bertin a concevtunl- er.eineeriru?..
“–design-of the CTOR pouer”~lant,’ “this” aSpeCL o;

the sLudy has so far r c been emphasized.

Nevertheless, a preliminary plane layout ha9 been

made and is shcwn in Fig. 9. Future engineering

studies will focus on the mechanical and

electrical design of che FROP eource and Lhe

Congressional heater, rather than the rel~cively

standtird technology e~ected to be associated

with the linear burn chamber. I
For this 300-:lWe CTOR plan L, the plasma is

formed in a FRGP driven by a 62-:4J, 20-kV

capaclcor bank. The 175+U honopolar ‘

❑ocorlgene rater pwers the cravellng-wave-network

compressor which increases the plasma temperature ‘

from 1.5 to 8 keV at [he inlet of the burn

.9ect10n. A 48= 10n2 burnlquench sect Ion

consists of 24 cylindrical 2-.-long modules with

a snlenuld superconducting coil located every 4-ru

(12 required). A beam dump is provided a! both

ends to intercept the neutron screaming wiLh mOSL

of the alpha -p Jrtlcle energy retalncd by Lhe

pIasmo Id expected co ~xi L the quench end 0[ the

device anu be cxtr~ctcd thermlly.

The burr sect ion could be qlmllnr to [hc

nuelcnr isl,~nd used in the Reverse-Fi~ld Pinch

Re;lctor. ll’lk The C1.5-rrI thick at~inle59 sLe(~l

bl,tnket would cO[,Lain a 40 vfo Li20 packed bc d

Into which pt,nccr]tes r.ldi.]Lly orlentcd water

TABLE [

PIIYSICS PAKXlt’rt:KS FUR CTUK DESI[;:JI’O[!iT

Enr!r.qy c(>cfln,>mvnt time, TE(S)

P1.IsmuiI.I tr!ln.lJclontll

vein,.icy, v(m/:t)

PIJsma dcnslty, II1(I(J“/m T)

Pl,lsm:l temper.ltur(i, Ti(ke V)
[,j,]-xyrur~dll In Col,,mi!l R/oio

I,]n-fiyr(jrldll i.. mln~lr rflldlus,

s = .s/0,
Rrr.1, 6M - 1 0. ,.

2
R

Spl],tr,ltrlx r,ltl KY = r~/rc

Dum tlmk,, Tb(\)

Burnup, f~

Law~on 1].tr.lm~,t,,r, nrh(lll 2(] s/in’)

Vnlllc I—_-—

0.1

]0-lu

2.5-u.>
~1~ ;

17U i

Jo.

o.ti7
0.5
1.95
U.17

21.()
-4
—,

7

. ——



TABLE 1[ .-
. . . . .

TABLE 111 “ ““”

Parameter

Inlcial plasma
—.. .

Final plasma

Ncucron <16.5 fie V/n)

Alpha particle

Direct conversion

Bremsstrahlung

Ther=l conduction

CTOR ENC[SEERl:JC P: I,METERS

FROP Plasma Source

Va lue

‘“-(FLI/FRC) ‘N.Jmber of coils

bdius (m)

‘-- 16.4 ‘-- Length (m) ‘-— - ‘

al.? Capacitor energy. WBA,

5090.
, “~k:y

Terminal vo!.tage,

1C!90. Elcccric field, ~

--32.6 --–Ri5eLlme, 7R (us)

9.1 Pre-implosion pressure, PA (m rr

897.
$a1

posC-implosion def,sity, n-(10 /m )

Value

2
3.4
5 (each)

62
20
0.95

47.
0.5
1.4

Trapped poloidal flux (quench)
._. _

7.0

Quench ‘88.8 ‘- Compressor ‘—- -

Total cherwl
(b)

6170.

Conducting sI,c1l transport 10SSCS 46.1

Auxiliary, WACX 151.

ETS losses (nETS - 0.8), WET5 80.

FRoF source bank,
‘BAYK 6].8

Hcnopolar compressor,
UCOMP 175.

Homopolar recharge at quench, WEXP 70.

Cross electric (n~ - 0.35) 2160.

Circulating eleccrlc 318.

Net electric 1840.

(a)Refer Co CTOR ener,~ balance, Fig. 2.

(b) provided by alpha-parclclcs cxp:l?sion of the

FRC plasmold

steam cooled U-cubes. A low-pressure (0.1 MP,n)

helium purge gas 1s drifted through th.s gr.sn!llar

Li20 bed to extract tritlun as an oxide. The

sllghtly superheated (5-K) stem cmerglng from

this blanket would be used to drive a Lurbo-

gcncraLor. Ek?splte Lhe pl!lsed (pldsna) nature of

che burn, the inherent thermal cap~ctty of this

bl.lnkct results In less thaa a 5-K cernpcr.~turc

excursion within the blankcc strt,c[ure, alLhough

a l.O-nzi-thick copper first-w,lll und~,rgoes a bulk

rise of 26 K (AT - 6 K across tt,~ rc.nc,,rlal,

Ieadlng LO thcrmnl str ses of 1.2 !IIJz ~t the

inlet end of the burn chdulwr). A shield

co~oscd of a O. I-m thick lead dnd a 1 ,4-M thick

borlted-da[er region prctccts the r{,l.ltivcly 1 Ow

fLeld (1.5 -l.~T)~;hTl-C” s”pcrco”d,,cLi”g m.,g”t,r

CO(IS (I5 HA/m .Iver,lgo rurrcnL d,:nslty exclu~ivv

of sklpp(>rt sLruc Cure) from therm,ll lo,ldlng find

neutron/g,lrsnm-ray dam,lgc. Each of tl,c 2-m long

burn sect 1,>11 rnodu 1 I:s would be rlvctr[c:llly and

thcrmot]ydr.lullc,lll:{ Indepcnclvuc. m c solclmidal

field coils would be flxud sLructure9 th,lt ,Ire

adeq~l,lt,,ly sp.lcrd to p,. rmlt remov;ll of th,. sl)ield

and bl.lnk,, t modul,>q. The mt;nc,t coils .Ind shield

module+ ,Irc of cqll,ll dint. ns ions ~lonfi tllc lL!IIJ; LII

of thr burn BCCt[OC, WII1]C tl)c olcm(,ncs of the

first wall and blan~.ec ark. nv. do pr,~l:rl.sslvcly

Idrgcr (in a step-wise f~shl on) .Ilon}; the .Ixi.11

l,-n~th to provldc the modcqt t.lprr r~,,l,]lrcd fur

alpll.l-parc lcle-dr [verl pl(lsmold CXpdllsiotl and

transl.~clnn.

Radius (tapered), rc(m)

Length (m)

Homopolar specifications

. Ener.g (W)

● Efficiency

● Risetime (9)

Peak voltage (kV)

Peak currenc (MA)

Burn Section

kn,qth, L~m)

T,apered fIrsc-wall r,idius., rw(m)

Blanket thickness, Ah(m)

Cond”ct[ng sllcll

● Thickness (m)
.

. Fracclon of conductor in sh~~ll

Shield chicknc~s (m)

Superconducting coil

● RadiIIs (m)

● Magi.cc field (T)

tfaximum first-wall thcrrkIl response (a)

● Bulk temperature rise (K)

● ~crrnal differenti.,1, (K)

● ThernJl stress (!fPa)

Over.111 !lca~.tor P,.rtorun<-e——

EnKlne~ril~g Q-vJIu~”, QL
Reclrculdtlrrg powvr fractlnnq c

Flrsc-w~ll load in};, Iw (:liJ/rn-)

::::;t:;:r;:;’J;o::;5 )
PTI{ (!l!J[)

CrOhs electric, pLT (~wc)

Rccircullclng powcrl Pc (>1 We)

Nut electric puw<>r, Pc (we)

Therwl conversion cftlcicncy, ~1{

P1.lnt efflcicncy, tlp - n~l(l-c)

———

3.h-l.7

16

175

0.8

0.1

5

0.7

40

1.2-1.6

0.L8

J.05

3.7

1.5

3.z-].6

3.1-1.5

23

6
1.2

6.8

0.15

2.i]

5.0

I05L)

365

55

311)

0.35

f).)()

(~) .t“xfursion In l.O-mm-thick W;,tcr-,.o,,l(,d

crlppur Jt mc,st severe loc,ltlt>n (burn ctl,,:nbq,r

IIllet).

Kllntl,mlnrv cquipmvnt

.JIsf) illdlc,ltt. d in Fl~,

llJ(.l L,!d 111!. 1(1(. .1 Vac.,,, un

for this Nystt.m is

9. ‘ilt, rn[lrc cTofI iS
Lunrlc 1 Wh [cl} nllt>ws

8
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Fig. 9. Preliminary plnnc Lavout.

rellltively easy access to the vacuum sefils

(sill.eld plIIRs). Upan removal of three adj~ccnt

2--long shle!d plugs, twu solcnoldal wl.nec

Coils are unc~vcred. ItIC cop-humi->lirtdric;ll

half of the water #tlicld would be reuoved betuern
the flxcd superconducting COILS. Simple tran~-

latLna ‘lOciolls then allow the other twc shield
eectlons (loc~lted under the rngnec coils) co be
removed, uncoverin~; chrue 2- long Elrsc-
wall/bl~nkct modulvs. The e modules are trnns-
ftirrud to the ;Idjaccnt dccunLmIlnation cell and

ulrlm~ltcly arc moved into chu IIOL cell facility.

v. CO::CLUSIOXS AND FUTURE DIRECTIO!iS—-—.
A par,laetrlc evalu~tlnn ot 9xnnlc deblgn

points “for a Compact Toruld reacto} that UU=S
Fl,’ld-RrvPr9ed Thrta Pinch for a pl.IsmJ source

has been performed nwncr~cirlly for a wldu rflnl;c

of plJsmd tr~nsport, pla.wti drnsiticu, reactor

r;ldll and Iungths. For .In L.ner~ con fin~. rmnt

time of 2(JU IJOlm tim.q (projucte.f from tok~mtik

,..—..—

i

I
I

conflncmcnc) an optimal burn

flrsc-wall radius of 1.2 m. Ihe

,..”

1s achlevcd ac a
radiun cf the

conducting she?. k rms~t be tapered 40Z (1.7 m to

2.1 m) eve. the 40= reactor length as the
plasrnold veloclty varies from 30 to 10 m/n. ‘lhe

re~lctor length could bu shortened by increasing
the shell thLckness (6 - 0.05 ❑) or decreisslng

the lnlec plnsmold velocicy; the 40a ratrctor

length Is considered to give isn cptlm.11 system,

however, in cernmi of mlnlmlzing the FRo~ source
requirements slaltnncously with minimizing the

totul reactor power output. mie react~r

p reduces 310 H!ie with a recirculating power
fraction of 0.15. Srmllur radius systcrm are
achlcv~ble, although to ~llntirin a goud ener~

billilncc, tho pl.lfrma dcnslty must be increased,
lcndlng to n higher fi,st-wall thcrml cycle.

Gner.llly, the CTUR is represented as a

hl~h+ Hystem of mutlcat size. lhc pulsud enur~
eturBbgc requ i rume nLs arc only - 60 MJ of
c~p.nclt Lvc t!nurgy for the FRP!’ mild a 175+IJ honKI-

. . . . . . . . . .. . .
.— —..
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polar generator. Fmergy recovery is achieved in

the quench region wichouc the use of opening

switches, with the plasma ❑otion providing the

necessary switching character lscics. ‘She hlgh-

Voltage and active source elements have been

completely removed :rom the totally passive burn

cecc ton. me linear system configuration

simplifies maintenar, ce . and . conscruc’ ion

procedures. A natural divcrtor !s also presen’ed

by the open-field ljne geometry outside the

~eparatrix.

The realization of this attractive system is

contingent upon the transport properties assumed

for the plasma. Systems with high losses (TE -

0.1 9 for the design plant) will -eirher require

higher operating densities ..(leading to higher

first-wall thermal cycle) or syster:s of larger

radial dimensions. Since the size of the source

requirements increase aa - nr~, la~ger pulsed

pcuer requirement are imposed. article

cransporc may also have Rdverse effects on tt,e

burn cycle. me batch burn system used here

assumes little change in the particle inv.sntory,

during che - 2-s burn. Particle loss is likely

LO occur along w !h injestion of gas streaming to

che plasnoid from the quench region. The

competition of these two processes will determine

the time-dependent particle inventory, a process

that requires more detailed modeling.

Recomnendacions for future work include

primarily engineering considerations, although

further “r.derstanding of plasma transport rmst be

incorporated in the design-point determination.

Detailed designs of the FRo P and compressor

sections mat be undertaken to define ❑ ore

clearly tte energy losses and physical dimensions

of these t Wo important system. Slower pllosna

sources, such as the coaxial chera-pinch, should

be invest ig~ted in order co minimize the use of

high-voltage elemcncs. me quench region cust

also be more clearly defined along with the

necessflry neutral particle densities needtd to

qusnch the plasmi. Implications of the power

streaming from the PI, .na and deposited at

redctOr ends requires qu~ntific:,tLon; such

streaming is expected to result in a density

gr~dienc alOng che nxrchlne uhlch will cert~inly

impact energy/particle rransporc. l%e flrst-

wall/bl,]nket temperature and rnech.lnlc,ll stresses

❑ust be optlmizcd in terms of burn cht, mhcr life-

t Llnl, ,lnd requirci maintenance intervals; even

❑ ore conventional thermal sysrm. s, Such as the

pressllrized water hlonkct systt,m propuscd for the

St~rflre cokamak renctor, ls should be considered.

MalnL1>ll;lrLCC procedures and over.111 pldnt I$lyout

would also be reflncd. bstly, a technolo}:lc:ll

asscssmcrrt of the CTOR pl,lnt should then be m]dc

partlcullrly with re~puct to the new technologies

requlrcd of LhP plasma so,lrcc, he,ntcr ~nd quench

Eectlons.
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